This study investigated baby red lettuce leaves grown in an inert media and fertigated with 300 or 1000
Introduction
In recent years there has been much interest in the study of the health benefits involved with regular consumption of fresh fruits and vegetables. Lettuce is one of the most economically important leafy vegetable crops in the world and is widely consumed in Western diets [1] . It is therefore an important source of dietary vitamin C and antioxidants, primarily in the form of phenolic compounds such as caffeic acid derivatives and flavonols [2] .
There is an increasing evidence that antioxidants contained within fruits and vegetables may protect against serious diseases, including cardiovascular disease and certain cancers, if consumed regularly [3] [4] . The major flavonols contributing to antioxidant activity found in lettuce are quercetin and kaempferol derivatives [5] . Quercetin has been extensively studied in vitro and is known to be a potent free-radical scavenger and anti-oxidant [6] [7] . The closely related compound, kaempferol, has also been shown to possess antioxidant activity in its own right, albeit lower than quercetin [8] .
Nutrition during production can have a significant effect on antioxidant content in lettuce with low N availability tending to increase antioxidant activity which was attributed to increased phenolic content [9] . Limited N resulted in higher total plant phenolic (TPP) content in basil leaves [10] while, conversely, increased N via foliar urea application resulted in an increase in free radical scavenging activity in lettuce [11] . When grown under high N (>200 kg•ha −1 ) vitamin C content declined in crisphead lettuce [12] . Growing lettuce under low N, however, results in poor yield. Reducing CaNO 3 -N applications to red lettuce from 1200 mg•L −1 to 400 mg•L −1 for 4 weeks resulted in a 39% reduction in yield, and a significant reduction in leaf nitrate content [13] . Maximum antioxidant capacity, as measured by TPP and the Ferric Reducing Antioxidant Power assay (FRAP), was measured in lettuce leaves fertilized with nitrogen at a concentration of 400 mg•L −1 CaNO 3 -N, which is less than half of the commonly used commercial N rate in Australian hydroponic production but yield was significantly lower with this N application rate [9] .
To produce lettuces that could be marketed as high in antioxidants, it will be important to develop modified production practices that maintain an acceptable yield. Specifically, we hypothesize that a temporary reduction in CaNO 3 -N low enough to cause a stress response in plants will significantly increase phenolic content and antioxidant capacity but not reduce yield. This study investigated the effects of altering CaNO 3 -N concentrations in the last seven days prior to harvest on yield, antioxidant capacity and vitamin C content in immature red lettuce leaves.
Materials and Methods

Plant Material
Red oak lettuce seedlings (Lactuca sativa L. cv. Prunai) were sourced from a commercial seedling grower (Berwick, Victoria, Australia) at approximately six weeks of age. Prior to transplanting the seedling roots and crowns were treated with the fungicide Rovral (iprodione 250 g•L −1 ) at the rate of 1 ml•L −1 for 10 -15 seconds. Three seedlings were planted into pots (200 mm diameter; 3.1 L volume) containing fine grade perlite. Plants were watered daily with 500 mL tap water and left to acclimate for seven days before beginning nitrogen treatments. Pots were watered using an automatic watering system containing drip irrigation lines. Irrigation was delivered three times per day with two drippers per pot, with 100 mL per dose giving a total water application of 300 mL per pot day −1 , or 100 mL•plant −1 •day −1 . Saucers underneath the pots collected excess irrigation water and maintained medium (perlite) moisture. Two trials were conducted in October to November, 2011. Greenhouse temperature was maintained between 18˚C (night) and 24˚C (day) by an evaporative cooling system, with a mean relative humidity of between 40% to 50% at plant level.
The trial consisted of a randomised block design with 6 N treatments × 3 plants × 6 blocks = 108 plants. In addition nine plants per block (54 in total) were randomly assigned for evaluation at Day 0 (prior to N application) and the plants in the remaining twelve pots per block (two pots per treatment) were assessed at harvest at 21 or 28 days after transplanting. At harvest, the three plants from each pot were combined into one sample, were weighed for FW (g), fresh material for vitamin C analysis was removed and the remaining material was immediately frozen at −20˚C and freeze-dried for further processing.
Fertilizer Application
Liquid fertilizer was applied manually every three days for 21 or 28 days to each pot according to which nitrogen was removed. Plants were supplied with water on days when N was not applied. A total of nine applications were applied to plants harvested after 21 days, and 12 applications were applied to those harvested after 28 days. Water collected in the saucers under each pot was checked with an EC meter (NZ Hydroponics LTD, Tauranga, NZ) to avoid excessive build up of salts [14] . To avoid influencing elements absorption, EC was maintained at similar levels in all treatments (1.6 -2.0 dS•m −1
) by periodically flushing excess salts from the high N concentrations with de-ionized water [14] .
Leaf Chlorophyll
Chlorophyll content of leaves was estimated every second day during the trial by SPAD (Konica-Minolta SPAD-502 Chlorophyll meter) on two fully expanded leaves before each fertilization event. This measurement was not intended to quantify chlorophyll in the plants but as an indicator of health.
Nitrate Content
NO 3 content in leaves was assessed by weighing approximately 0.2 g of dried leaves into a plastic tube filled with 100 ml of distilled de-ionized water.
Tubes were shaken for 20 minutes and filtered through a 0.45 um filter disk. The collected solution was analyzed following the APHA method 4500-
Ascorbic Acid (Vitamin C)
Determination of ascorbic acid was conducted on fresh leaf material, frozen with liquid nitrogen and blended to a fine powder. Approximately 10 g was weighed into a mortar and pestle where it was combined with 3% metaphosphoric acid and ground further to make a fine paste. Each sample was transferred to a 50 mL centrifuge tube and centrifuged at 4000 rpm for 10 minutes. The supernatant was transferred to a 50 ml volumetric flask. The pellet was washed with 3% metaphosphoric acid and centrifuged at 4000 rpm for 10 minutes. Supernatants were combined and the volume adjusted to 50 mL with 3% metaphosphoric acid. An aliquot of each sample was diluted and filtered into autosampler vials for measurement of L-ascorbic acid by HPLC. A separate aliquot of 100 µl of sample was combined with 300 µl of citrate buffer containing 10 mM dithiothreitol and allowed to stand for 30 min at room temperature. 800 µl of 3% metaphosphoric acid was then added and the samples were filtered into autosampler vials for HPLC analysis. This reaction provides the total ascorbic acid content. The difference between the total ascorbic acid content and the ascorbic acid content gives the dehydroascorbic acid content of the lettuce. All solutions and equipment were kept ice cold. The HPLC analysis method was based on the European Committee for Standardization method EN 14130:2003 [16] . Analysis was performed on a Polaris C18 column, 5 µm, 250 × 4.6 mm, maintained at a temperature of 30˚C. The mobile phase was 0.1 M Potassium dihydrogen Phosphate, 0.005 M N-cetyl-N,N,Ntrimethylammoniumbromide in 15% (V/V) methanol. The flow rate was 1 mL•minute −1 , the program was isocratic and detection was at 264 nm. The area of the peak was used to calculate the ascorbic acid content, expressed as mg•100g
Total Plant Phenolics (TPP) and Antioxidant Capacity by ORAC
Water soluble TPP, as an assessment of antioxidant activity, was measured following the Folin-Cioccalteau (FC) method [17] .
ORAC was measured using the microplate fluorescence reading method [18] using a Varioscan Flash (Thermoscientific Corp.).
Experimental Design and Statistics
The experiment was a randomised complete block design. Data were analysed using ANOVA by Genstat v13 and are presented as mean and lsd at P = 0.05. A total of 162 plants were used in the trial: 6 N treatments × 3 plants (per pot) × 6 replicates = 108 plants + Day 0 samples = 9 plants × 6 reps = 54 plants. Plants from each pot were weighed individually for FW measurements, but combined to create a single sample for all other measurements. Vitamin C content was not significantly different between the two CaNO 3 -N application rates after 21 days ( Table 3) . Lettuce harvested after 21 days however, had significantly more vitamin C than plants harvested at 28 days regardless of nitrogen application concentration ( Table 3) . There was no significant difference in vitamin C content between any of the treatments at the end of the 28 day growing period. Furthermore, an increased or decreased CaNO 3 -N application rate applied during days 22 and 28 had no significant effect on vitamin C ( Table 3) Table 4 
Results
Leaf
Discussion
Yield is of primary importance to lettuce growers and new production methods that reduce yield will not be readily adopted. In an effort to improve both yield and antioxidant activity in this study, N availability was altered between days 22 and 28 in two treatments ( Table 1) . Reducing N to 300 mg•L −1 CaNO 3 -N for 7 days after 21 days growth at 1000 mg•L −1 CaNO 3 -N had no significant effect on fresh weight compared with plants kept on 1000 mg•L −1 for 28 days ( Table 2 ) but ORAC was significantly increased by 16% and TPP by 12% ( Table 4 ). In contrast, adding 1000 mg•L −1 for 7 days to plants previously fertilized with 300 mg•L −1 CaNO 3 -N for 21 days did not affect ORAC or TPP (Table 4) , but fresh weight significantly increased by 14% ( Table 2) .
Relative chlorophyll levels (as measured by SPAD; Figure 2 ), did not change significantly despite the observed decrease in leaf FW, indicating that the lowest applied CaNO 3 -N rate (300 mg•L −1 ) was sufficient to maintain adequate photosynthesis. Nitrate content reflected greater N availability with highest content in plants fertilised with 1000 mg•L −1 and at this rate exceeded the upper nitrate limits in lettuce leaves of between 3500 and 4500 mg•kg −1 FW set by the European Community [19] . Several reports over the past few years have shown that plant phenolic compounds associated with antioxidant capacity can be optimised under low N availability [20] . A variety of stresses, including N depletion, are known to result in increased activity in the phenolic synthetic pathway in plants [21] due to up-regulation of the phenylpropanoid pathway [22] . Accumulation of the flavonols quercetin and kaempferol, which would result in both increased TPP and antioxidant capacity, is known to be induced by N depletion through enhanced synthesis via the phenylpropanoid pathway [20] [23]. Nitrogen-depleted Matricaria rosettes showed a significant increase in phenylalanine ammonia lyase (PAL) activity and a concomitant increase in phenolic content [24] ; an increase in PAL activity and TPP content was also seen in yarrow leaves grown with low N (0.1 mM) for four months [25] . Our data agree with these studies in that highest TPP and anti-oxidant capacity (ORAC) were recorded in plants supplied with low CaNO 3 -N, specifically 300 mg•L −1 ( Table 4) . In addition, a seven day reduction in CaNO 3 -N application to 300 mg•L −1 after 21 days at 1000 mg•L −1 CaNO 3 -N, was low enough to cause N stress [9] in red lettuce leaves, leading to a possible up-regulation of the phenylpropanoid pathway and concomitant increased production of phenolic compounds. While a seven day period of low CaNO 3 -N was enough to induce phenolic synthesis (Table 4) , it did not affect fresh weight ( Table 2) . Temporarily reducing CaNO 3 -N for 7 days before harvest, therefore, shows promise as a method to manipulate yield and phenolic content (Figure 1 ) but more research is necessary to optimise this method, particularly for leaves harvested at a more mature stage, or whole heads.
Quercetin, kaempferol, isorhamnetin and the anthocyanins are all commonly found in leafy vegetables and contribute significantly to antioxidant capacity [26] . Reference [9] reported that the largest increase in TPP in red lettuce grown under a range of (Table 4) , therefore, could have resulted from increased levels of quercetin, kaempferol, and isorhamnetin, amongst other phenolic compounds, but a more targeted approach involving mass spectrometry is required to answer this question. Red lettuces also contain anthocyanins, which are known to increase in leaves with low N availability [27] . The lettuce plants growing under 300 mg•L −1 CaNO 3 -N were noticeably more red in color compared with those supplied with 1000 mg•L −1 CaNO 3 -N (Figure 1 ) but further quantitative measures are needed to confirm that the redder plants were higher in anthocyanins which were responsible for the observed increase in ORAC.
It appears that antioxidant capacity (measured as TPP) and vitamin C in lettuce leaves may also decline with age. TPP and vitamin C significantly declined between 21 and 28 days in plants fertilized with either 300 or 1000 mg•L −1 CaNO 3 -N. In contrast, antioxidant capacity, as measured by ORAC, did not differ over the same time period (Table 4) . Further studies are needed to fully understand the changes in antioxidant capacity in lettuce leaves during maturation.
Leaf vitamin C content was not significantly affected by CaNO 3 -N application rates after 28 days (Table 3) . Furthermore, an increased or decreased in CaNO 3 -N application rate during days 22 and 28 had no significant effect on vitamin C. Reference [12] reported that increased N availability resulted in an increase in vitamin C in crisphead lettuce, while [27] found N fertilisation had no significant effect on vitamin C content in baby red lettuce, similar to our results. Our results indicate that low N availability does not affect regulation of the ascorbic acid biosynthetic pathway [28] as it does the phenylpropanoid pathway. Ascorbic acid detoxifies reactive oxygen species (ROS) in plants that can be generated by photosynthesis, respiration and a number of stresses [29] . It would appear that low CaNO 3 -N availability, at least in the range of 300 mg•L −1 as tested in this study, may not have caused sufficient generation of ROS to elicit an up-regulation of the ascorbic acid biosynthesis pathway. The observed increase in phenolic compounds due to low CaNO 3 -N availability, and not ascorbic acid synthesis, was likely responsible for the observed increased antioxidant capacity as measured by ORAC ( Table 4) . In a previous study [9] it was speculated that ascorbic acid may have contributed to the higher FRAP and ORAC values recorded in lettuce leaves supplied with CaNO 3 -N concentrations below 400 mg•L −1 and this view has been supported in previous papers [30] . The present study does not support this view. As red lettuce leaves are high in anthocyanins [31] it may be that these compounds are primarily responsible for the observed changes in ORAC and TPP, but further research is needed to confirm this.
Conclusion
In conclusion, lowering the CaNO 3 -N supply from 1000 mg•L −1 to 300 mg•L −1 for 7 days prior to harvest in baby red lettuce resulted in a significant increase in ORAC and TPP, with no significant effect on yield. Vitamin C and leaf nitrate were not significantly affected. Temporarily reducing N for 7 days before harvest, therefore, shows promise as a method to manipulate yield and phenolic content but more researches are necessary to optimize this method, particularly for leaves harvested at a more mature stage, or whole heads.
